In this paper, an active damping control scheme for LLCL filters based on the PR (proportional-resonant) regulator is proposed for grid-connected three-level T-type PWM converter systems. The PR controller gives an infinite gain at the resonance frequency. As a result, the oscillation can be suppressed at that frequency. In order to improve the stability of the system in the case of grid impedance variations, online grid impedance estimation is applied. Simulation and experimental results have verified the effectiveness of the proposed scheme for three-phase T-type AC/DC PWM converters.
I. INTRODUCTION
In recent years, voltage source converters (VSC) have been widely employed for grid-connected applications with the advantage of bidirectional power flow and its ability to control the voltage and power factor. In particular, multilevel converters such as T-type three-level inverters have been used due to their higher performance and efficiency when compared with the two-level converters [1] - [3] . To suppress switching harmonics, a large size filter inductor is needed in the VSC. However, this deteriorates the system dynamic performance and increases the cost of the inductor in high power applications.
Due to the advantages in terms of cost and dynamics, LCL filters are preferred over L filters for grid-connected PWM converters since smaller inductors can be used in the LCL filters. However, there are drawbacks of LCL filters such as the resonance phenomena and the complex control algorithm [4] - [7] . To suppress the filter resonance, a number of passive and active damping methods have been proposed [8] - [16] . The passive damping methods are simple and reliable, but power loss is an issue especially for high power applications [8] - [10] . On the other hand, the active damping schemes do not increase power losses, but the control algorithm is modified to suppress resonance [11] - [17] . In [12] , [13] , an active damping method based on a virtual resistor has been proposed. However, an extra capacitor current sensor is required. In [14] , a genetic algorithm has been applied to tune the notch filter for the active damping of LCL filters. Although no extra sensor is needed, the optimization algorithm is complicated. The PR regulator has been discussed for LCL filters in [15] , [16] . However, the grid impedance variation has not been investigated which is an issue in the case of a variable grid impedance.
To reduce the inductor size in LCL filters, a new structure for the LLCL filters of single-phase VSCs has been proposed 
applied. In addition, the system stability is analyzed to show the validity of the proposed control algorithm. The effectiveness of the proposed method is verified by simulation and experimental results obtained for a three-level T-type converter.
II. SYSTEM DESCRIPTION

A. Three-Level T-type AC/DC PWM Converters
A three-level T-type AC/DC PWM converter is shown in Fig. 1 . It is connected to the grid through LLCL filters. The grid is modeled as a sinusoidal voltage source with variable line impedances. A resistive load is connected to the DC output terminal of the converter. For the PWM converter, the voltage equations are expressed in the synchronous reference frame as [19] 
where:
where the losses in the filter and the converter are neglected.
B. LLCL Filters
In LLCL filters, the transfer functions of the grid and converter currents to the converter voltage are expressed as:
From (4) and (5), the resonance frequency in the LLCL filters is given by:
The frequency responses of the grid and converter currents to the converter voltage are shown in Fig. 2(a) and (b), respectively. It can be seen that the impedance of the LLCL filters is very low near the switching frequency due to the series inductor in the capacitor branch.
C. Parameter Design of LLCL Filters
In the design of the filter, some limitations on the parameter values should be considered as follows [6] , [8] :
1) The converter-side inductor 1 L is determined based on the allowable current ripple of the converter. 
Hz injection
Grid impedance estimation The grid-side inductor 2 L is designed according to the IEEE 519-1992 standard recommendations, where harmonic currents higher than the 35 th order component should be less than 0.3% of the fundamental.
2) The capacitor value C is determined based on the reactive power absorbed under the rated condition, where the upper limit is given by:
where: 
4) The resonance frequency is in the range between ten times the fundamental frequency and a half of the switching frequency.
III. PROPOSED ACTIVE DAMPING CONTROL Fig. 3 shows the control block diagram of the grid-connected T-type converter with the LLCL filters, where the PR control is applied for active damping.
A. Active Damping Control
The PR controller is operated in the abc-reference frame, where the steady-state error is eliminated at the specified resonance frequency. The transfer function of the PR controller is given as
B. Grid Impedance Estimation
To suppress the resonance effectively, the grid impedance needs to be known. In this study, an online estimation of the grid impedance is applied to find the total inductance on the grid side of the LLCL filters [20] . When a voltage component of the specified frequency is added to the PWM voltage reference, a harmonic current component is incurred at the same frequency. Next, the Discrete Fourier analysis for the specific injected harmonic component is applied as:
where: : N number of the samples per fundamental period (12) . From these the grid impedance at the specified harmonic frequency is calculated as:
grid R : grid resistance at the injected harmonic h . The grid impedance in terms of the fundamental frequency is obtained by:
Fig 
IV. STABILITY ANALYSIS
To determine the feasibility of the proposed active damping method, the system stability is analyzed. The overall current control scheme is depicted in Fig. 6 
where: (11) and (16) respectively, which can be expressed as:
The stability is evaluated in the Z-domain, where one sampling delay of the digital processing and one-half a sampling delay of the PWM converters are involved in the PWM block, which is expressed as:
Then, the open-loop transfer function of the current control system is expressed as:
To analyze the frequency response of the proposed current control system, the closed-loop transfer function in (20) is investigated.
The root loci for the proposed current control system are illustrated in Fig. 7 . In Fig. 7(a) , the root loci is plotted at the switching frequency of 4 .
The control system is stable since all of the poles are placed inside the unit cycle. As the switching frequency is increased, the stability may be degraded. However, by tuning the controller gains, the system can still be stable at Step response of the closed-loop current control system. A further increase of the switching frequency may cause instability since the system poles are placed outside the unit cycle.
The frequency response of (19) is illustrated in Fig. 8 where the controller gains are 9, 3000, 20 20 Series inductor (µH) 80 0 6 GM dB > are generally desirable [13] , [21] . Fig. 8 shows that the gain and phase margins of the open-loop current control system are 13 dB and 46  , respectively. 
V. SIMULATION RESULTS
A simulation is performed for the three-level T-type PWM converter. The simulation parameters are listed in Table I . The different parameters of the filters are shown in Table II . Fig. 10 illustrates the performance of the grid impedance estimation. The estimated and real values of the grid inductance are shown in (a), where the estimation error is less than 5%. In (b), the magnitude of the injected harmonic and its frequency are shown. The distortion in the grid current, due to the harmonic injection, appears as shown in (c). In (d), the resonance frequency of the LLCL filters for different grid impedances is illustrated, where the resonance frequency varies from 1.9 kHz in the case of zero grid impedance to 1.48 kHz in the case of a grid impedance of 0.5 mH. Fig. 11 shows the grid and converter currents and the FFT spectra in the case I (L 1 =1.2 mH, L 2 = 0.8 mH) of LCL filters. The magnitude of the dominant harmonic component in the grid current is lower than 0.1 A (0.18% of the fundamental component). The total harmonic distortion (THD) factors are listed in Table III . For this Case I the THD is 2.91%.
Case II of the LCL filters (L 1 =1.2 mH, L 2 = 0.35 mH) is illustrated in Fig. 12 , where the dominant harmonic magnitude in the grid current is lower than 0.3 A (0.56 % of the fundamental current) with a THD of 5.12%. It is obvious that Case II of the LCL filters does not meet the requirement of the IEEE standard 519-1992. Case III of the LLCL filters (L 1 =1.2 mH, L 2 = 0.35 mH, and L f = 0.08 mH) is shown in Fig. 13 , where the magnitude of the dominant harmonic in the grid current is lower than 0.92 A (0.17 % of the fundamental component) with a THD of 2.64% (Table III) .
VI. EXPERIMENTAL RESULTS
To verify the proposed damping control, experiments have been conducted on a 3-kW converter system. A 32-b DSP chip (TMS320F28335) is used for the main controller. The parameters of the three-level T-type converter are listed in Table. IV. The PWM frequency of the converter is 5 kHz and the dead time is set to 2 µs. For the IGBT module (4MBI300VG-120R-50), two gating drivers have been employed such as VLA513-01R for the mid-point IGBTs and 
Parameters
LLCL LCL
Converter-side inductor
10 10 Series inductor (µH) 100 0 VLA542-01 for the leg IGBTs. For the reduced-scale system of the simulation, the LLCL filters are redesigned by the same procedure described in section II (Table. V) . Fig. 14 shows the three-level T-type PWM converter used for the tests. The grid and converter currents and the FFT spectra are shown in Fig. 15 , for Case I of the LCL filters (L 1 =2 mH, L 2 = 1 mH) where the magnitude of the dominant harmonic component in the grid current is lower than 0.021 A (0.2% of the fundamental component) with a THD of 3.72%. VI). Fig. 18 shows the grid phase currents and FFT spectra in the case of different grid impedances. Even though the grid impedance is changed from 0.1 mH to 0.2 mH, the PR controller can suppress the resonance effectively with the estimated grid impedance. In addition, a THD of about 2.4% in the grid currents is within the acceptable level. Fig. 19 shows the converter performance in the case of a resistive load application, where the grid current and the q-axis converter current are shown in (a) and (b), respectively. The DC-link voltage is fluctuated at the point where the converter q-axis current changes abruptly, where the undershoot in the DC-link voltage is lower than 10% as shown in (c). The converter phase current is illustrated in (d). As can be seen, it is more distorted than the grid current. 
VII. CONCLUSION
In this paper, an active damping method using a PR controller has been proposed for the LLCL filters connected to the three-level T-type PWM converter. In addition, the grid impedance has been estimated online to compensate for the resonance frequency of the filter in the case of a variable grid impedance. The damping effect of the PR controller on LLCL filters has been verified by simulation and experimental results. In the LLCL filters, the grid-side inductor has been reduced by 60%, when compared with the LCL filters, from 0.8 mH to 0.35 mH in the simulation and from 1 mH to 0.4 mH in the experiment. In this case, the THD and dominant harmonic component of the grid current have met the IEEE standard. It has been shown that the control performance for the LLCL filters is satisfactory both in the transient state and under grid voltage unbalances.
